By means of vibrational spectroscopy and density functional theory (DFT), we investigate CO adsorption on phosphorene-based systems. We find stable CO adsorption at room temperature on both phosphorene and bulk black phosphorus. The adsorption energy and the vibrational spectrum have been calculated for several possible configurations of the CO overlayer. We find that the vibrational spectrum is characterized by two different C-O stretching energies. The experimental data are in good agreement with the prediction of the DFT model and unveil the unusual C-O vibrational band at 165-180 meV, activated by the lateral interactions in the CO overlayer.
Introduction
Recently, black phosphorus (BP) has attracted great interest [1] since the presence of a narrow band gap makes it a more suitable candidate compared to graphene for an abundant number of device applications (flexible electronics [2] , nanoresonators [3] , Terahertz photodetection [4] , charge trap memories [5] , AM demodulators [2] ). A single BP layer is named phosphorene [6] . The bulk crystal of BP has a phosphorene surface termination.
Thus, the surface of BP is the archetype of a supported phosphorene system.
The chemical reactivity of free-standing phosphorene and bulk crystals of BP deserves particular attention for understanding the pitfalls of phosphorene-based devices arising from chemical stability in ambient conditions [7] [8] [9] and, moreover, for exploring its possible use in catalysis [10] and as gas sensor [11, 12] .
While oxidation processes have been recently explored [9, [13] [14] [15] , the reactivity of phosphorene toward CO is hitherto unclear. First-principle calculations found that CO weakly interacts with phosphorene [16] , even if no experimental studies have been carried out yet. Several possible reactions would be possible [17] , if CO could be stably adsorbed on phosphorene-based systems.
High-resolution electron energy loss spectroscopy (HREELS) is an effective tool for investigating adsorption at solid surfaces, also in consideration of its versatility for both vibrational and electronic excitations. From the analysis of the C-O intramolecular vibration, it is possible to infer information on CO-substrate interaction, its related charge transfer and, moreover, on adsorption sites [18] .
Herein, we report on CO interaction with phosphorene-based systems at room temperature by means of HREELS experiments and density functional theory (DFT) calculations. Contrarily to previous reports, we here provide evidence of stable CO adsorption at room temperature. We demonstrate that CO adsorption occurs with the formation of pairs and rows, whose vibrational spectrum is characterized by an unusually weak C-O intramolecular bond. In contrast with the case of CO adsorption on metal surfaces, the interaction between CO molecules already starts with CO pairs.
The total binding energy per molecule remains almost unmodified with coverage.
Experimental methods
The BP single crystal was synthesized using a chemical vapor transport method. A mixture of red phosphorus, AuSn, and SnI4 powder with mole ratio 1000:100:1 was sealed into an evacuated quartz tube.
The tube is then placed into a double-zone tube furnace with temperature set at 870 K and 770 K for the hot and cold end, respectively. Large single crystals can be obtained after one week of transport.
Grown BP samples exhibit ambipolar behavior, a gate-dependent metal-insulator transition, and mobility up to 4000 cm 2 V −1 s −1 , as reported elsewhere [7] . The atomic structure and energetics of various configurations of CO on phosphorene have been studied by DFT using the QUANTUM-ESPRESSO code [19] and the GGA-PBE + van der Waals (vdW) approximation, feasible for the description of the adsorption of molecules on surfaces [20, 21] with the employment of ultrasoft pseudopotentials [22] . We Table I where the distance of CO molecules from the surface plane is also given. Similarly to CO adsorption on metal substrates [18] , around the Fermi level (Fig. 3a) . In addition, CO adsorption modifies the electronic structure of pz and py orbitals (Fig. 3b ) participating in the formation of σ-bonds within the phosphorene layer. The electronic structure of a single CO molecule adsorbed on phosphorene (Fig. 3c) softens down to 165 meV, pointing to an unusually strong CO-substrate interaction. This induces changes in both 3p orbitals of P participating in the P-CO bond and in P-P bonds (Fig. 3a,b) , which are responsible of the lateral interaction between CO molecules adsorbed on phosphorene (Fig. 3c) . The significant influence of chemisorption of adsorbed species on the electronic structure of phosphorene was previously discussed in several papers reporting the superb capabilities of phosphorene for gas detection [11, 12, 27] .
Such a low C-O vibrational energy deserves particular attention. For strongly bonded CO molecules in four-fold adsorption sites on metals, the C-O energy is ~210 meV [18] . Values as low as ~180 meV have been reported for complexes formed by CO molecules and alkali atoms [28] . The absence of noticeable changes in the distance between CO molecules and the phosphorene plane (dCO-plane) and, moreover, in adsorption energies (see Table I ) indicates that the softening of vibrational modes is not related to modifications in the atomic structure of CO-phosphorene bonds. Table I ). Strikingly, the Previously, it has been reported that CO adsorption on phosphorene induces a 0.03 e charge transfer with an adsorption strength of 0.325 eV/unit cell [12] . A weak binding energy of CO with phosphorene has been reported in Ref. [12] . By contrast, our theoretical and experimental results support stable adsorption of CO on phosphorene.
Recently, scanning tunneling microscopy (STM) has been used for imaging a hexagonal adlayer with P13
clusters with (4√3 × 4√3)-R30° symmetry grown on Pt(111) [29] . Therein [29] , it has been reported that the hexagonal phosphorus adlayer is quite unreactive toward CO. While it is quite expected that the sticking coefficient of CO on the P13 clusters on Pt(111) could be reduced with respect to transition metals, our results also disagree with findings in Ref. [29] . However, the chemical reactivity of Finally, we can suggest that the strong bonding between CO and phosphorene can be used also for CO-induced chemical scission of phosphorene nanoribbons [30] .
Conclusions
We have demonstrated that CO stably adsorbs on 
